Abstract-Alpha matting is known as a process of accurately separating a foreground object from an image and it has been extensively studied in both academic and industrial areas as an important part of multimedia technology. However, most existing methods utilize single image to get its alpha matte. In this paper, we propose a novel chroma keying method based on stereo images, which can be applied to post-process the alpha matte generated by any matting approach. Given a pair of stereo images, a new matting Laplacian matrix is constructed based on the affinities between matching pixels and their neighbors from two frames. Based on the new matting Laplacian matrix, a new cost function is also formulated to estimate alpha values of the reference image through the propagation between stereo images. The experimental results illustrate that this method can be applied to different categories of existing alpha matting approaches and can obtain alpha matte of higher quality.
I. INTRODUCTION
Alpha matting, which has been studied for more than thirty years, is commonly considered as accurately extracting a foreground object from an image. In 1984, the matting problem was first mathematically established by Porter and Duff. In paper [1] , they introduced a model that the observed image Iz could be thought as a convex combination of foreground image F z and background image B z . The compositing equation is given by
where z = (x, y) is image coordinate, the opacity value α z takes any values in the range [0, 1] and it linearly controls the interpolation of F z and B z for each pixel. Pixels with α z = 1 are definite foreground and those with α z = 0 are definite background, otherwise they are referred to as mixed pixels. The goal of matting problem is to solve F z , B z and α z for the given color value I z , especially through estimating alpha values for mixed pixels to separate foreground from background. Apparently, for each pixel in a 3 color channel image, there are three equations and seven unknowns in total. In order to solve this under-constrained ill-posed problem, most algorithms need a trimap or scribbles to label the image into three regions: foreground, background and unknown region where pixels mix both foreground and background colors.
As an important part of multimedia technology, current image matting techniques from both academic and industrial areas could be classified in two types: (1) chroma keying or blue screen matting in which background is one or multiple known constant colors, and (2) natural image matting in which background is arbitrary and has no constrains. Compared to a small amount of academic articles, more techniques on chroma keying are published by industrial patents, e.g., [1] [2], and hence they have been used widely in many fields such as film, news casting and 3D games. However, much more academic works focus on the natural image matting since its background is unpredictable. Most recent natural image matting methods could be divided into four categories: (1) color sampling-based, (2) propagation-based, (3) combination of color sampling and propagation based, and (4) learningbased approaches.
Color sampling-based methods [3] [4] [5] usually estimate alpha parameters by sampling the foreground and background colors near the unknown pixels and build a local correlation between samples and parameters. Nevertheless, how to efficiently collect and utilize the true color samples is the core problem for these methods. To solve the drawback of color sampling-based system, propagation-based matting approaches such as Poisson matting [6] and closed-form matting [7] have explored another technique based on local image statistics and propagation between adjacent pixels. Their basic idea is defining an affinity within a small window where the pixel correlations are strong and keep local smoothness well. Moreover, some algorithms [8] [9] tend to combine the respective advantages of color sampling-based and propagation-based techniques into one energy function and solve it in a global optimization process. Also, machine learning [10] [11] has been applied to the image matting algorithms through training samples in a learning-based framework.
Most conventional image matting algorithms only use single image as an input and generate its matte. Recently, a few researchers started to try to solve matting problem with the help of multiple images. In paper [12] , Szeliski and Golland formulated a framework to simultaneously recover disparities, colors, and opacities aiming at transparent objects. Due to the estimated color and opacity values, it also can be extended to extract the foreground object from the image. In paper [13] , Cho et al. developed a fully automated video matting method based on color and depth video sequences. Through a depth camera, the acquired depth information is used to automatically compute a highly accurate trimap, which is the emphasis of the method.
Inspired by the work of matting using multiple images, this paper proposes a novel chroma keying method based on stereo images, which can be applied to post-process the alpha matte generated by any matting approach. A cost function based on the matting Laplacian matrix is derived from a stereo pairs and a united window with an adaptive size is utilized in the procedure. Moreover, an optional pre-processing step and a ground truth generation method are developed for chroma keying. The rest of the paper is organized as follows. Section II introduces the motivation of our work. Then Section III illustrates the proposed method and Section IV presents the experimental results. At last, Section V concludes this paper.
II. MOTIVATION OF OUR WORK
In the industrial area, the applications of chroma keying have become more and more widespread in many fields such as motion pictures, virtual environment and augmented reality. Back to the academic field, a number of existing algorithms which deal with natural image matting can also used for the chroma keying. Nevertheless, a finely hand drawn trimap is often required in most of those algorithms. With an autogenerated trimap, the matting quality would be probably degraded if the matting algorithm was originally designed with manually specified trimap.
Given the input colored image and its trimap which is automatically produced by the quadmap method [14] , Fig.  1 shows a group of matting results obtained by five typical matting algorithms-closed-form [7] , KNN [15] , weighted color [16] , comprehensive sampling [17] , and learning based [10] matting methods. Apparently, the results presented here are all far from perfection. [7] .
(d) KNN [15] . (e) Weighted color [16] . (f) Comprehensive sampling [17] . (g) Learning based [10] .
On the other hand, with the recent development of digital cameras, study on multiple view stereo images has been conducted with great progress. Given a pair of stereo images, due to the fact that the same foreground object defines a correspondence with pixels in the two homologous regions, we believe that besides the similar color values, these two matching lattices should provide more information about the relevance and resemblance between corresponding pixels. Moreover, stereo images are capable of capturing more details to increase robustness to image noise and texture, while a single image fails. Therefore, we propose a novel postprocessing method that applies affinities between matching neighboring pixels from stereo images to alpha propagation.
III. PROPOSED METHOD
In this section, we first introduce the new matting Laplacian matrix and cost function for stereo images. Then we illustrate the adaptive window size and pre-processing step during the procedure. At last, we describe how to generate ground truth for chroma keying.
A. Matting Laplacian and cost function based on stereo images
Firstly, we recall the basic concept of matting Laplacian from the closed-form method [7] . Its underlying assumption is that both foreground colors and background colors rarely change over a small window around each pixel, which is named as the color line model. That means the foreground values F of all pixels in a small window lie on a single line, as well as the same situation of the background values B. In other words, for an image with N pixels, each F and B can be written as a linear mixture of two colors expressed as
where c denotes color channels in RGB color space, and a c and b are constants in the small image window w. Then the cost function is defined as
where w j is a small window around pixel j. It is the goal of closed-form algorithm to find α, a and b that minimize the function. Moreover, a c and b can be eliminated mathematically from (3) and accordingly yield a quadratic cost with α only:
Here α is an N × 1 vector and L is an N × N matrix with the expression for the (i, j)th element is ∑
The matrix L in Equ. (5) is referred to as the matting Laplacian and it depends on the color line model that foreground color F and background color B are approximately constant within a local small lattice. Fortunately, it is reasonable to extend the application of the assumption to stereo images. This is because the similarities among the corresponding pixels and the neighboring pixels around them keep a high consistency. Meanwhile, the pixel correlations between the matched regions are also consistent with the affinities proposed in a single image. Therefore, the affinities from stereo images can be used to propagate alpha values between the two matching regions centered at corresponding pixels.
Here the key point is to create a new matting Laplacian matrix L for stereo images. Let I 1 be a reference image with N pixels, whose matte is needed to be refined, and I 2 be an matching image as a complementary input. Excluding some pixels only shown in one image, most pixels of I 1 could succeed in finding their own point to point corresponding pixels through stereo matching methods (we use the optical flow method in paper [18] ). Considering a pair of matching pixels, for each of them, we could obtain a small window that centres on it and then unite the two windows together to a new window to be estimated. As a union, the advantage of the correlation between them could be employed in the algorithm. Although the expression of new matrix L is same as Equ. (5), the window w k in Equ. (5) is changed now:
where w k1 is a reference window centered at the pixel (i, j) in reference image I 1 , w k2 is a matching window centered at the pixel 
where L 11 and L 22 represent the weighting affinities among pixels in each image respectively, while L 12 and L 21 show the relevance between two image pixels. Once the modified matting Laplacian is constructed, we formulate the new cost function founded on stereo images. Besides I 1 and I 2 , the input can also include their own trimaps, confidence maps and alpha mattes by a certain method. To obtain a better matte, paper [5] gave a quadratic cost function consisted of a smoothness term with the matting Laplacian and a data term with the alpha and confidence values. Here we adopt the same form from the function in [5] , but expand its definition from single image to stereo images.
T is treated as a column vector whose first N elements are the all given alpha values for I 1 and second N elements are given alpha values for I 2 . The cost function is given by
where λ is a large weighting number compared to the estimated values inα andΓ, and λ = 10 −1 is a tiny constant that points out the relative importance of data and smoothness terms. D is regarded as a diagonal matrix with 1 for known foreground and background pixels and 0 for others, while diagonal matrixΓ is defined by the confidence values for unknown pixels and 0 for others. Similarly toα, the first N diagonal elements of matrix either D orΓ are aimed for I 1 and the second N diagonal elements of that are aimed for I 2 . Note that the solution to minimize Equ. (8) is a vector with 2N × 1, and the first N elements are the optimal alpha values for I 1 .
B. Adaptive Window Size
In order to reduce computation cost, the window in Equ. (5) is usually set to have a small size (e.g., 3 × 3 in paper [7] ). Paper [19] shows a larger window size would refine the matte for the reason that a lager window may contain more disconnected pixels of true foreground or background and deliver more affinities to be dealt with. Whatever, it is more likely to break the assumption of the color line model with a large window. Moreover, a large window may give rise to oversmooth when it covers the image regions with narrow gaps or complex scenes. Thus, we make use of adaptive window size to solve the problem caused by fixed size.
For an initial matte we used as input, the edge area of details shown on it could be detected, and apparently, the gradient and variance change more sharply over this area than over other regions. Therefore, a small window size (3 × 3) is used in the edge area after dilating (via 3 pixels in our experiments) to avoid the over-smooth problem. On the other hand, the other regions in stereo images are dealt with a big window size (5 × 5) to improve the matte.
C. Pre-processing
Compared to natural image matting, the quality of chroma key is more affected by luminance. It is common that the pixels with low or high luminance values, which actually belong to the true foreground, are not only set as unknown regions automatically, but also computed with alpha values less than 1 obviously. Here we tend to update the input matte of I 1 before solving for the energy function.
Firstly, we normalize the luminance values of all pixels of I 1 and analyze the luminance distribution of all the unknown pixels by histograms. Then the bigger one of the sixth bin's edge value is chosen to be a threshold value. Depending on the assumption that the selected unknown pixels whose luminance numerics are higher than the threshold with a high probability of being foreground region, we increase the initial alpha values of those pixels to a certain extent (we add 0.2 in the experiments). Finally, employ the updated alpha values intoα within Equ. (8) .
D. Generating ground truth
Most current matting algorithms evaluate their experimental results by natural images and ground truths supplied in the online benchmark [20] . The proposed method focuses on chroma-keying images with a fixed colored background. However, the benchmark does not provide the ground truths needed. To objectively evaluate the proposed approach results, we propose a method to generate a ground truth as close as possible. The output ground truth using our method.
As illustrated in Fig. 2 , a ground truth is generated with the aid of a specialized trimap which only labels the pixels at the narrow edge area as unknown while any other pixles are considered as known foreground/background pixels. It is done by the following procedure. First of all, a quadmap is automatically generated by the quadmap method [14] . Based on the quadmap, definite foreground and definite background are specified by users from their visual perspectives. After that, the modified quadmap becomes a specialized trimap and a ground truth can be produced by the state-of-theart matting algorithms. To achieve this, the comprehensive sampling method [17] and KNN matting [15] are utilized to obtain their own alpha mattes. The average value of the two mattes are used as the expected ground truth.
IV. EXPERIMENTAL RESULTS
In this section, we demonstrate that the proposed method can enhance the alpha matte quality efficiently as a postprocessing for existing matting techniques. Our proposed algorithm is compared with closed-form [7] , KNN [15] , weighted color [16] , comprehensive sampling [17] and learning based [10] matting methods. All test stereo images were taken by the binocular camera (Fujifilm 3D W3), and their trimaps were automatically generated by the quadmap method [14] .
Two groups of test stereo images and their visual quality comparison are presented in Fig. 3 and Fig. 4 . The visual quality difference between the original matting result and the matte refined by our method is evident enough to figure out. In the first experiment, we use the right view as the reference image. It can be observed that there are many fuzzy regions in the stereo images, but very few known foreground pixels in the trimaps. Consequently, except the comprehensive sampling approach, the other four approaches all give unsatisfactory original matting performances. Fortunately, the proposed method presents more foreground scene of hairs and significantly enhances the accuracy of generated mattes. In the second experiment, the left view is processed as the reference image. Comparing with all the original mattes, our post-processed results corrected the errors in the area around the bunny's eyes and reduce the level of error around the bunny's right ear and chin.
Moreover, compared to the ground truth maps of the 12 groups of different test images by the method introduced in Section III-D, the mean squared error (MSE), the sum of absolute differences (SAD) and the gradient error of the alpha mattes are calculated. The average numeric comparisons are presented in Table I . It can be observed that, when post-processing the five algorithms, our method succeeds in obviously decreasing the average MSE, SAD and gradient error of the 12 mattes generated by each algorithm. 
V. CONCLUSION
A novel post-processing chroma keying method based on stereo images is presented in this paper. A better quality alpha matte avoiding missing samples can be obtained through applying the relevance between corresponding pixels to propagation between stereo images. Instead of fixed size, a united window with an adaptive size is utilized to choose local lattice to construct the matting Laplacian matrix. As a post-processing procedure, experimental results demonstrate that the proposed method efficiently decreases the errors of the original mattes obtained by existing matting algorithms. Especially when some regions of foreground objects are missing or falsely estimated in the original mattes, our method can present more foreground details. [7] . (b) KNN [15] . (c) Weighted color [16] . (d) Comprehensive sampling [17] . (e) Learning based [10] .
